In the history of neurology, attempts to explain normal and impaired cognitive function following brain damage have alternated between two extreme perspectives; specifically, views based on localization of function and views based on functional connectivity. The localizationist view ascribes specific cognitive functions to gray matter (GM) brain areas with cognitive impairments attributed to lesions of these specific areas. Prominent historical examples of this view include the work of Broca ([@B8]) and Wernicke ([@B75]), who associated language production and perception, respectively, with specific cortical structures. Another prominent example of localization of function is the work of Brodmann ([@B9]), who proposed a map of 46 cortical areas---so-called Brodmann areas (BA)---and their functionality. This work still influences neuro-scientific research today. In contrast, connectionist views of brain function take the connections of white matter (WM) pathways to be instrumental to cognitive functions, with disrupted connections also leading to impairments of the respective cognitive functions. Interestingly, such a connectionist view of brain function was proposed by Campbell ([@B79]) at about the same time as Brodmann introduced his localizationist approach. Later, Reinvang ([@B55]), amongst others, suggested "systemic localization" to be the overarching principle of brain organization, in which the functional role of a given brain area is not determined by its anatomical structure alone but also by its relationships to other areas---an argument, for which there is increasing empirical evidence (e.g., López-Barroso et al., [@B86]; see Catani et al., [@B12], [@B80] for reviews). Thus, it is the integrity and specific interplay of activated GM cortical areas connected by WM fiber tracts which underlie human cognitive functions.

Recently, brain hodology, the science of connectional anatomy (Catani and Ffytche, [@B11]), which characterizes the WM connections between brain regions, has become accessible to evaluation in the living brain by using diffusion tensor imaging (DTI). While functional magnetic resonance imaging (fMRI) identifies functionally defined cortical areas, tractography goes beyond this approach and indicates, by which WM tracts these areas are connected. This provides a powerful tool to study brain connectivity patterns underlying cognitive functions. By quantifying the diffusion characteristics of water molecules (Le Bihan and Breton, [@B35]), which diffuse more freely along than across myelinated tracts, it is possible to obtain *in vivo* estimates of WM fiber orientation at the voxel level (Basser et al., [@B7]). This information gives rise to diffusion tensor tractography (Conturo et al., [@B15]; Jones et al., [@B26]; Mori et al., [@B45]; Basser et al., [@B6]; Poupon et al., [@B52]), in which WM tracts are reconstructed in three dimensions by sequentially piecing together discrete voxel level estimates of fiber orientation to extrapolate continuous trajectories. Diffusion tensor tractography methodology has established the existence of neural networks associated with language processing (e.g., Saur et al., [@B63]) and also networks subserving attentional functions (e.g., Umarova et al., [@B70]). Accumulating such evidence has substantiated the functional role of WM connections in both language as well as attentional processing (e.g., Rijntjes et al., [@B56]). There have even been suggestions to conceptualize aphasia (e.g., Forkel et al., [@B84]) and neglect as disconnection syndromes (e.g., Bartolomeo et al., [@B78]; Thiebaut de Schotten et al., [@B82]) arising from disrupted neural connections between the involved cortex areas.

Numerical cognition and the syndrome of acalculia, a collection of impairments in processing numbers and mental calculation, have also witnessed a history of localisationist and connectionist views, although their study started later in history and they were less well investigated than language. Henschen ([@B21]), who coined the term acalculia, also considered calculation mechanisms to rely on a complex anatomo-functional system, subserved by distinct cortical centers and their interconnections.

In the present paper we summarize and review the existing evidence on brain hodology underlying numerical cognition. Comparable to the cases of language and attention, considering WM connections may provide a more comprehensive understanding of human numerical cognition and its impairments (see also Matejko, [@B40]; Matejko and Ansari, [@B42]). First attempts were made to conceptualize acquired acalculia (Klein et al., [@B31]) but also its developmental counterpart dyscalculia (DD) as disconnection syndromes (Kucian et al., [@B34]). Therefore, we will first give a brief overview regarding the neural GM correlates of numerical cognition before augmenting those neuro-functional data with recent evidence on WM connectivity made accessible by technical advances in DTI. In this review we use a broad definition of numerical cognition that encompasses tasks reflecting basic numerical competencies (e.g., magnitude comparison) but also mental arithmetic (e.g., addition, subtraction, multiplication, etc.), as also required in standardized tests of mathematical and/or intellectual abilities. Studies investigating higher mathematics (such as algebra, analysis or inferential procedures, etc.) and their neuro-structural correlates are not included in the current review.

Neural Correlates of Numerical Cognition {#s1}
========================================

In the past two decades, significant progress has been made in uncovering the neural basis of numerical cognition (Menon, [@B44], for a review). The triple-code model (TCM) of Dehaene et al. ([@B17]) reflects a unique integration of behavioral and neuro-functional aspects, proposing three different representational codes for numbers and their neural correlates. (i) A bi-hemispheric *numerical magnitude representation* associated with the intraparietal sulcus (IPS); (ii) A *verbal representation* of numbers associated with left perisylvian language areas and the left angular gyrus (AG) which is recruited in verbally mediated operations like number naming as well as arithmetic fact retrieval; and (iii) A *visual number form* *representation* specialized for recognizing Arabic digits and associated with bilateral fusiform regions. From its initial form the TCM assumed that number processing requires the close interplay of domain-specific number-related parietal as well as domain-general (pre)frontal processes involving working memory and executive control. This suggests that numerical cognition is subserved by a multi-modular and distributed system within the human brain.

So far, the TCM has not taken into account an explicit and detailed delineation of the connecting fiber pathways subserving this multi-modular organization, probably due to the non-availability of appropriate imaging methods at the time of its initial formulation. Nevertheless, in the first version of the anatomo-functional TCM (Dehaene and Cohen, [@B16]), and in a series of subsequent detailed single case studies, the involvement of intra-hemispheric (cortico-subcortical, fronto-parietal) as well as inter-hemispheric (commissural) pathways for number processing and calculation was highlighted. Moreover, observed patterns of impairment (e.g., pure alexia for numbers) were also explained by a disconnection account (Cohen and Dehaene, [@B14]; see also Klein et al., [@B30]). Nevertheless, the vast majority of recent neuroimaging studies have focused on the localization of activated GM areas. WM connections underlying numerical cognition were not considered specifically in most cases. We identified 10 studies investigating functional connectivity (Table [1](#T1){ref-type="table"}), and 17 studies investigating structural WM connections in numerical cognition (see Table [2](#T2){ref-type="table"}) from the last ten years. The increasing number of publications in recent years may not only reflect increasing research interest but also progressive availability and validity of DTI sequences (e.g., Soman et al., [@B66]) and appropriate processing software.

###### 

**Overview of studies investigating functional/effective connectivity underlying numerical cognition**.

  Nr.      Authors                Year   Connectivity analysis          Task                                                                Participants                                                    Connections
  -------- ---------------------- ------ ------------------------------ ------------------------------------------------------------------- --------------------------------------------------------------- ----------------------------------------------------------------------------------------------
  **1**    Tang et al.            2006   Functional connectivity        Magnitude comparison, addition                                      Chinese: 23.8 ± 0.8 years; English-speaking: 26.8 ± 2.3 years   VFG -- SMA, L SMA -- L PMA, L PMA-- Broca, Broca -- Wernicke, VFG --L IPC, L IPC -- Wernicke
  **2**    Krueger et al.         2011   Effective connectivity (GCM)   Multiplication                                                      26 ± 6.7 years                                                  R IPS -- L IPS; R IPS -- R DLPFC; L precG,- L preSMA; L preSMA --L/R DLPFC; L IPS --L DLFPC
  **3**    Rosenberg-Lee et al.   2011   Functional connectivity        WIAT, WMTB-C                                                        7--9 years                                                      L DLPFC --L AG, L SPL
  **4**    Cho et al.             2012   Effective connectivity (PPI)   Addition                                                            7--10 years                                                     R Hippocampus --L DLPFC; L VLPFC
  **5**    Emerson and Cantlon    2012   Functional connectivity        TEMA, Matching numbers, faces, words, and shapes                    4--11 years                                                     IPS --PFC, IFG, insula
  **6**    Supekar et al.         2013   Functional connectivity        WASI; WIAT, WMTB-C, Reading, addition verification and production   8--9 years                                                      R Hippocampus --R MTG, R SMA, L DLPFC, L VLPFC, L BG
  **7**    Park et al.            2013   Effective connectivity (PPI)   non-symbolic Addition, number matching, shape matching              18--29 years                                                    R IPS --L IPS, L sensorimotor cortex
  **8**    Park et al.            2014   Effective connectivity (PPI)   Magnitude comparison on digits, dots, and line lengths              4--6 years                                                      R SPL --L SMG, R preCG
  **9**    Qin et al.             2014   Effective connectivity (PPI)   Addition                                                            7--9, 14--17, & 19--22 years                                    Hippocamus --L/R DLPFC, L IPS
  **10**   Rosenberg-Lee et al.   2015   Effective connectivity (PPI)   Addition, subtraction                                               7--9 years, 16 with dyscalculia                                 Hyperconnectivity IPS --AG, L SMG, R MFG, R IFG, VMPFC in dyscalculia

*L: left; R: right; GCM: Granger causality mapping; PPI---Psycho-Physiological Interactions; TEMA: Test of Early Mathematics Ability (Ginsburg and Baroody, [@B20]); WMTB-C: Working Memory Test Battery for Children (Pickering and Gathercole, [@B88]); WASI: Wechsler Abbreviated Scale of Intelligence (Wechsler, [@B93]); WIAT: Wechsler Individual Achievement Test (Wechsler, [@B95]); VFG: visual fusiform gyrus; PMA: premotor association areas; Broca: Broca's area; Wernicke: Wernicke's area; IPC: intraparietal cortex; IPS: intraparietal sulcus; DLPFC: dorsolateral prefrontal cortex; (pre)SMA: (pre) supplementary motor area; preCG: pre central gyrus; SPL: superior parietal lobe; AG: angular gyrus; VLPFC: ventrolateral prefrontal cortex; IFG: inferior frontal gyrus; MTG: middle temporal gyrus; BG: basal ganglia; SMG: supramarginal gyrus; VMPFC: ventromedial prefrontal cortex*.

###### 

**Overview of studies investigating structural connectivity underlying numerical cognition**.

  Nr.      Authors                Year    Connectivity analysis                                                                    Task                                                                                         Participants                      White matter tracts
  -------- ---------------------- ------- ---------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------- --------------------------------- ----------------------------------------------------------------------------------
  **1**    Barnea-Goraly et al.   2005a   DTI, ROI analysis (6 directions)                                                         WISC number tasks                                                                            7--20 years, VCFS                 --
  **2**    van Eimeren et al.     2008    DTI, ROI analysis (32 directions)                                                        WIAT number tasks                                                                            7--9 years                        Atlas-based: SCR, ILF
  **3**    Rykhlevskaia et al.    2009    DTI, fiber tractography (probabilistic and deterministic, ROI analyses), 23 directions   WASI, WIAT, WMTB-C                                                                           7--9 years, 23 with dyscalculia   Tractography-based: ILF, IFOF, thalamic radiation, caudal forceps major
  **4**    Tsang et al.           2009    DTI, ROI analysis (12 directions)                                                        Multiplication, exact and approximate addition, WISC, WRAT, Reading                          10--15 years                      Atlas-based: SLF
  **5**    van Eimeren et al.     2010    DTI, ROI analysis (12 directions)                                                        Four basic arithmetic operations                                                             26.4 ± 3.0 years                  Atlas-based: SCR
  **6**    Cantlon et al.         2011    DTI, fiber tractography ROI analysis (deterministic, 15 directions)                      Number comparison symbolic and non-symbolic                                                  6 years                           Tractography-based: Callosal isthmus
  **7**    Hu et al.              2011    DTI, TBSS analysis (15 directions)                                                       Digit/letter span, WAIS, 3 years of abacus training                                          10 years                          Atlas-based: Internal capsule, thalamic radiation, corona radiata, SLF, ILF
  **8**    Klein et al.           2013b   DTI, fiber tractography ROI analyses (probabilistic, 61 directions)                      Mental addition                                                                              28 ± 5 years                      Tractography-based: SLF, EC/EmC
  **9**    Klein et al.           2013a   Fiber tractography (deterministic)                                                       --                                                                                           49 years, single case             Tractography-based: EC, SLF
  **10**   Kucian et al.          2013    DTI, ROI analysis (21 directions)                                                        ZAREKI, WISC, Corsi                                                                          10 years, 15 with dyscalculia     Atlas-based: SLF, adjacent to IPS
  **11**   Navas-Sanchez et al.   2013    DTI, ROI analysis (16 directions)                                                        Math Talent Program, Madrid, Spain                                                           12--15 years                      Atlas-based: Corpus callosum, internal capsule, SLF, SCR, EC, thalamic radiation
  **12**   Matejko, et al.        2013    DTI, TBSS analysis (31 directions)                                                       PSAT                                                                                         17--18 years                      Atlas-based: SLF, SCR, corticospinal tract
  **13**   Li et al.              2013a   DTI, fiber tractography (probabilistic and TBSS, 30 directions)                          WISC                                                                                         10--11 years                      Tractography-based: SLF, ILF, inferior fronto-occipital fasciculus
  **14**   Li et al.              2013b   DTI, fiber tractography (probabilistic and TBSS, 15 directions)                          Abacus training for 3 years                                                                  10 years                          Tractography-based: Forceps major
  **15**   Willmes et al.         2014    DTI, fiber tractography, ROI analysis (deterministic, 61 directions)                     Parity judgment, magnitude comparison from Klein et al. ([@B85])                             18--25 years                      Tractography-based: EC/EmC, SLF
  **16**   Van Beek et al.        2014    DTI (45 directions)                                                                      Addition, Subtraction; Multiplication, Division, WISC, WMTB-C, word and pseudoword reading   11--13 years                      Anterior arcuate fasciculus
  **17**   Klein et al.           2014    DTI, fiber tractography (deterministic, 61 directions)                                   Number bisection, exact/approximate addition                                                 19--42 years                      Tractography-based: MdLF, ILF, SLF, EC/EmC, cingulate bundle

*PSAT: Preliminary Scholastic Aptitude Test (College Board USA, [@B81]); WASI: Wechsler Abbreviated Scale of Intelligence (Wechsler, [@B93]); WIAT: Wechsler Individual Achievement Test (Wechsler, [@B95]); WISC: Wechsler Intelligence Scale for Children (Wechsler, [@B94]); WMTB-C: Working Memory Test Battery for Children (Pickering and Gathercole, [@B88]; WRAT: Wide Range Achievement Test (Wilkinson and Robertson, [@B76]); ZAREKI-R: Testverfahren zur Dyskalkulie bei Kindern (von Aster et al., [@B92])*.

Almost all studies aimed at specifying the fronto-parietal network underlying numerical cognition as suggested by the TCM. In this vein, intra-hemispheric fronto-parietal connections (e.g., Rykhlevskaia et al., [@B61]; Tsang et al., [@B69]; Matejko et al., [@B41]; Navas-Sánchez et al., [@B47]) and inter-hemispheric (intra)parietal to (intra)parietal connections (e.g., Cantlon et al., [@B10]; Krueger et al., [@B33]; Klein et al., [@B31]; Park et al., [@B50]) were of primary interest in most studies. In the following we will summarize and review the existing evidence regarding brain connectivity in numerical cognition. First, functional and effective connectivity (reflecting correlations between activation in specific brain areas) will be considered. Subsequently, we will elaborate on studies addressing structural connectivity, which allow identification of anatomical WM fiber tracts involved in numerical cognition.

Brain Connectivity in Numerical Cognition {#s2}
=========================================

Correlations Between Activated Brain Areas---Functional and Effective Connectivity {#s2-1}
----------------------------------------------------------------------------------

A first way of evaluating the connectivity between specific brain regions involves computing functional connectivity; specifically, the correlation patterns between neural *GM* activation elicited in different brain regions, while performing a specific numerical task. Highly correlated activation in two different brain areas is assumed to indicate that these areas may work together (see Table [1](#T1){ref-type="table"} for an overview of studies investigating functional connectivity). Emerson and Cantlon ([@B19]) used a symbolic-nonsymbolic number matching task to localize number-specific activation in parietal and (pre)frontal cortex areas in four- to eleven-year-old children. They then correlated the time series of activated voxels within frontal regions of interest (ROIs) with parietal ROIs to obtain a measure of fronto-parietal connectivity. Interestingly, stronger fronto-parietal connectivity was associated with better math proficiency, emphasizing the importance of integrated fronto-parietal processing in numerical cognition. Tang et al. ([@B91]) observed differential patterns of fronto-parietal functional connectivity for Chinese- and English-speaking participants in both a magnitude comparison task and a mental addition task. The authors argued that Chinese-speaking participants seemed to engage more strongly a visuo-premotor association network for solving these tasks (involving visual fusiform gyrus and premotor association areas). On the other hand, native English speakers seemed to largely employ language-based processes relying on left perisylvian cortices (including Broca's and Wernickes area) for the same tasks.

The important role of integrated fronto-parietal processing was further substantiated by Supekar et al. ([@B67]), who investigated the neural predictors of arithmetic skill acquisition in 8--9-year-old children before an 8-week math tutoring program. The authors found that functional connectivity of the hippocampus with dorsolateral and ventrolateral prefrontal cortices as well as with the basal ganglia prior to tutoring predicted subsequent learning effects. This finding was interpreted to indicate that "individual differences in the connectivity of brain regions associated with learning and memory, and not regions typically involved in arithmetic processing, are strong predictors of responsiveness to math tutoring in children" (Supekar et al., [@B67], p. 8230). In another study evaluating the manifestation of numerical learning in brain connectivity Rosenberg-Lee et al. ([@B59]) investigated changes in the connectivity of prefrontal and more posterior brain areas between 2nd and 3rd grade using a cross-sectional approach. They observed differential functional connectivity between left DLPFC and posterior brain areas. In particular, changes in functional connectivity between 2nd and 3rd grade were stronger in what the authors termed dorsal (superior parietal lobe, AG) as compared to ventral stream areas (parahippocampal gyrus, lateral occipital cortex, lingual gyrus).

Krueger et al. ([@B33]) used multivariate Granger causality to evaluate *effective* connectivity in adult numerical cognition. Multivariate Granger causality mapping not only quantifies the co-activation of two brain regions for a given task, but also allows one to assess the direction of the connections between the respective areas. The authors observed a fronto-parietal network for multiplication, involving a reciprocal parietal IPS-IPS circuit which subserves number magnitude information. This magnitude processing related network was also interlaced with a reciprocal fronto-parietal circuit from the dorsolateral prefrontal cortex and the IPS associated with the execution and updating of arithmetic operations. Importantly, the parietal cortex received more inputs from the frontal cortex than the other way around, indicating the central role of the parietal cortex in number processing.

Another method to evaluate effective connectivity is the approach of psychophysical interaction analysis (PPI), as used by Park et al. ([@B50], [@B49], see also Cho et al., [@B13]; Qin et al., [@B53]). For adults, Park et al. ([@B50]) used custom-made reaction time experimental tasks assessing (i) non-symbolic addition and subtraction, (ii) number matching as well as (iii) shape matching. They found increased effective connectivity within the right parietal cortex as well as between the right and left parietal cortices for arithmetic tasks in general and subtraction in particular. Importantly, the degree of effective connectivity was associated positively with behavioral performance in the subtraction task. Furthermore, Park et al. ([@B49]) investigated effective connectivity of the right parietal cortex with the left supramarginal gyrus and the right precentral gyrus in 4--6-year-old children. The degree of connectivity from the right parietal cortex to the right precentral gyrus was predictive of performance on a standardized symbolic math test (see Figure [1](#F1){ref-type="fig"} for an overview of the connections suggested by functional/effective connectivity analyses). Using the same method, Rosenberg-Lee et al. ([@B58]) investigated differences in functional connectivity of the IPS between typically developing 7--9-year-old children and a sample of children from the same age group with DD. Interestingly, the authors found what they called hyperconnectivity of the bilateral IPS in children with DD with ventro- and dorsolateral PFC as well as the SMG. The authors attributed this phenomenon to involvement of compensatory mechanisms. On the other hand, they also suggested that the "engagement of these circuits may result in the activation of problem-irrelevant information that in turn disrupts problems solving" (p. 18, see also below for findings on structural connectivity in children with DD).

![**Overview of cortical sites considered in the studies evaluating functional/effective brain connectivity**. Panel **(A)** depicts the cortical sites (blue spheres) and their functional/effective connectivity patterns (gray lines), found by Krueger et al. ([@B33]), Emerson and Cantlon ([@B19]), and Park et al. ([@B50], [@B49]). These studies primarily focused on the fronto-parietal network of numerical cognition. Panel **(B)** shows the cortical regions (red spheres) and their functional/effective connectivity patterns (gray lines) identified by Supekar et al. ([@B67]) found to be predictive of numerical learning.](fnhum-09-00227-g0001){#F1}

The conclusion of Supekar et al. ([@B67]), stating that hippocampal-prefrontal connectivity is specifically associated with numerical learning, was corroborated by an evaluation of effective connectivity of the hippocampus. Using PPI, Cho et al. ([@B13]) revealed strong causal bidirectional connectivity between the right hippocampus and the left VLPFC and DLPFC to be associated with the application of retrieval-based solution strategies to an addition task in 7--10-year-old children. The influence of hippocampal-prefrontal connectivity on numerical learning was further specified in a paper by Qin et al. ([@B53]), which so far represents the only longitudinal study investigating the influence of brain connectivity on numerical development. The authors observed that the connectivity of the hippocampus with prefrontal and parietal cortices was predictive of the gain in 7--9-year-old children's fact retrieval fluency in mental addition over a period of more than 1 year. Thus, numerical development seems to be associated with changes in hippocampal-neocortical connectivity.

Summarizing the results of studies evaluating functional and effective connectivity associated with numerical cognition clearly indicates that number processing involves a widespread network including (intra)parietal (e.g., IPS, SPL, SMG, AG) but also (pre)frontal cortex sites (e.g., DLPFC, VMPFC, preCG, SMA, IFG) as well as the hippocampus. The latter seems to be particularly involved in numerical learning and development because hippocampal-prefrontal as well as hippocampal-parietal connectivity is reliably associated with children's use of more sophisticated retrieval-based solution strategies in mental arithmetic. Additionally, the strength of fronto-parietal connectivity was associated with better math proficiency. In line with the TCM these analyses of functional and effective connectivity provide converging evidence for numerical cognition to be subserved by a fronto-parietal network also incorporating hippocampal structures. However, those analyses do not allow for the identification of anatomical WM fiber tracts connecting brain areas with correlated brain activations. This can only be achieved by considering structural connectivity. In the following, we describe another set of studies which evaluated structural connectivity in two different ways to pinpoint the WM tracts involved in numerical cognition.

Structural Connectivity {#s2-2}
-----------------------

There are two different approaches to investigate structural connectivity (see Table [2](#T2){ref-type="table"} for an overview of studies evaluating structural connectivity). The first is to evaluate the correlation of diffusion parameters in predefined ROI with either behavioral performance or with fMRI activation peaks observed for numerical tasks. Fractional anisotropy (FA) and/or radial diffusion (RD; see Mukherjee et al., [@B46] for an explanation of the physical principles) are often used diffusion parameters in these analyses. Additionally, ROIs are usually located to reflect a specific (mostly) atlas-identified WM pathway. The second approach is fiber tractography, which allows for the virtual reconstruction of entire WM pathways. Thereby, diffusion tensor tractography can characterize not only the orientation but also the integrity of WM fibers *in vivo* and noninvasively (Basser et al., [@B7]). The following section will discuss studies using atlas-based ROI analyses and fiber tractography in turn.

### Atlas-based ROI Analyses of Diffusion Measures {#s2-2-1}

Studies using ROI analyses provided evidence for the involvement of anterior to posterior association and projection fiber tracts in numerical cognition. With respect to *anterior to posterior association fiber tracts*, Rykhlevskaia et al. ([@B61]) observed that increased FA in a temporo-parietal ROI incorporating parts of the superior longitudinal fasciculus (SLF), the inferior longitudinal fasciculus (ILF), and the inferior fronto-occipital fasciculus (IFOF) was associated with better performance of 7--9-year-old children in the arithmetic subtest of an IQ test. The importance of fronto-parietal connections was further corroborated by Tsang et al. ([@B69]). These authors used a combination of tests administered outside and inside the scanner, to investigate the association between FA in a central part of the SLF and performance in a computerized approximate arithmetic task. In particular, the authors considered performance scores of 10--15-year-olds from the arithmetic subtest of a scholastic achievement test to control for the specificity of their results. They found an association of higher FA in the SLF and better performance in approximate arithmetic, indicating the importance of fronto-parietal connectivity for performance in mental arithmetic.

*As regards projection fiber tracts*, Rykhlevskaia et al. ([@B61]) reported that increased FA in a temporo-parietal ROI incorporating parts of the anterior thalamic radiation and the cortico-spinal tract was associated with better performance of 7--9-year-old children in the arithmetic subtest of an IQ test. Comparably, van Eimeren et al. ([@B73]) used ROI analyses to investigate the association of WM connectivity with arithmetic performance. They found that in 7--9-year-old children increasing FA in ROIs from the superior corona radiata (SCR) was associated with better performance in the arithmetic subtests of an IQ test administered outside the scanner. To a lesser degree this also held true for FA in ROIs from the ILF. van Eimeren et al. ([@B72]) also found evidence for an involvement of the SCR in numerical cognition. They observed that higher FA in a ROI reflecting a central segment of the left SCR was associated reliably with a stronger BOLD response in the left AG, as recorded during retrieval-prone calculations in a sample of mostly university students.

Other studies reported a*combination of projection and association fiber tracts* to be recruited in numerical cognition. Matejko et al. ([@B41]), using tract-based spatial statistics (TBSS), found higher FA in the left SLF, SCR, and cortico-spinal tract of 17 to 18-year-olds to be associated with better performance in the arithmetic subtest of a scholastic achievement test. TBSS (see also Hu et al., [@B23]; Li et al., [@B38]) employs a voxel-wise statistic followed by the projection onto an alignment-invariant mean FA skeleton in order to derive clusters, in which FA correlates with a dependent variable. These clusters may be but do not necessarily need to be used for ROI analyses. Instead, most other studies reported in this paragraph extracted FA for ROIs in tracts of interest (after atlas-based identification) from aligned and spatially smoothed diffusion imaging data (Jones et al., [@B27]).

There is also another approach to investigate structural connectivity in numerical cognition. Instead of associating diffusion measures in specified ROIs with performance or GM activation, another subset of studies evaluated differences in ROI-based diffusion parameters between different populations. Rykhlevskaia et al. ([@B61]) found reduced FA in ROIs located in the IFOF, ILF, SLF, amongst others, in children with developmental DD, as compared to typically developing children. Recent data by Kucian et al. ([@B34]) substantiated impairments in WM connectivity as indicated by reduced FA and RD in a posterior part of the SLF, in particular in children with DD. These authors suggested that DD may be considered a disconnection syndrome (see also Klein et al., [@B30] for the case of acquired acalculia). Navas-Sánchez et al. ([@B47]), when studying math-gifted adolescents, observed higher WM integrity, as indicated by higher FA in ROIs located in the SLF adjacent to inferior parietal cortex areas. Barnea-Goraly et al. ([@B4]) found that reduced arithmetic competencies in velocardiofacial syndrome may be caused by structural WM aberrations in inferior parietal cortex (see also Lebel et al., [@B36]; Till et al., [@B68], for WM differences associated with impaired numerical performance in children with fetal alcohol spectrum disorder and youths with multiple sclerosis, respectively).

Finally, there were another two studies specifically investigating the influence of the duration of abacus use on brain connectivity. Li et al. ([@B38]) employed TBSS and found increased FA in the left callosal forceps major only, whereas Hu et al. ([@B23]) observed increased RD for abacus users after three years of abacus training in a variety of WM connections, including "the internal capsule (IC), corona radiata and posterior thalamic radiation" (p. 19) as well as the SLF.

In summary, ROI analyses of DTI data are commonly used to detect diffusion parameter alterations, as measured by FA values. However, it is worth noting that WM tracts specified by these analyses are simply those that pass through the respective ROI, as indicated by comparison with a brain atlas. Importantly, this means that the specified tracts were not identified directly to connect to cortex sites of interest. Fiber tractography based on task-related fMRI data, however, enables the virtual reconstruction of WM pathways connecting cortex areas found or assumed to be included in s processing model such as the TCM.

### Fiber Tractography {#s2-2-2}

A last set of studies interested in structural connectivity used either probabilistic or deterministic fiber tractography to identify WM connections. Fiber tractography aims at delineating WM pathways involved by virtually reconstructing the most probable WM tract pathways between user-defined seed points. Probabilistic tracking differs from deterministic tracking in that the probability for false negative reconstructions of specific tracts is taken into account. This probability is typically elevated in areas where fibers cross, merge or kiss. By employing both probabilistic and deterministic fiber tracking, Rykhlevskaia et al. ([@B61]) compared the brain connectivity pattern in children with and without developmental DD. The authors found that typically developing children showed more inter-hemispheric (superior parietal) connectivity as well as stronger connectivity of the right temporal-parietal cortex. Probabilistic and deterministic fiber tracking analyses linking WM and GM alterations in children with developmental DD "point to tracts connecting the fusiform gyrus with temporal-parietal WM, most likely via the ILF, as a major locus of neuroanatomical abnormalities in DD" (Rykhlevskaia et al., [@B61], p. 11).

Cantlon et al. ([@B10]) employed deterministic fiber tracking to further investigate the influence of inter-hemispheric IPS to IPS connectivity on number processing in typically developing children. The authors observed that FA within tracked fibers of the left isthmus of the corpus callosum was correlated positively with performance in a number magnitude comparison task administered in the scanner in six-year-old children. On the other hand, Li et al. ([@B37]) used probabilistic fiber tracking to identify and differentiate the course of the different anterior to posterior association fiber tracts. Using TBSS, FA values of the WM tracts identified were correlated with children's performance in the arithmetic subtest(s) of an IQ test. Reliable positive associations between FA values and arithmetic performance were observed for the left SLF, ILF and bilateral IFOF.

More recent studies using probabilistic or deterministic fiber tracking have tried to integrate the identified pathways for numerical cognition into the broader architecture of dorsal and ventral processing streams, as previously done for other cognitive domains such as language (e.g., Hickok and Poeppel, [@B22]; Rauschecker and Scott, [@B54]; Weiller et al., [@B74]). Klein et al. ([@B31]) investigated WM connections between seed points observed to be activated in either more difficult (calculation-based) or more easy (retrieval-based) addition problems. For both conditions the authors reconstructed pathways encompassing the SLF and the external/extreme capsule (EC/EmC) system indicating that both magnitude- and fact retrieval-related processing were subserved by two largely distinct networks, both of them comprising dorsal and ventral connections. This distinction between magnitude- and fact retrieval-related processing on the level of structural brain connectivity was further substantiated by the results of Klein et al. ([@B32]). These authors showed that the proposed differentiation generalizes to other numerical tasks (i.e., number bisection and exact/approximate addition). This indicates that magnitude- and fact retrieval-related processing may indeed rely on different neural networks, even though these networks operate in an integrated manner to solve numerical tasks most efficiently. This is also in line with the results of Van Beek et al. ([@B71]). These authors found that higher FA in the left anterior portion of the arcuate fasciculus specifically predicted better addition and multiplication but not subtraction and division performance. As the arcuate fasciculus links frontal with temporo-parietal cortex sites the authors argue that "the association between the left arcuate fasciculus-anterior and addition/multiplication reflects involvement of phonological processing" (p. 117) related to arithmetic fact retrieval.

Finally, Willmes et al. ([@B77]) observed a common ventral fronto-parietal connection encompassing the EC/EmC system for the general cognitive operation of *semantic classification* for the domains of language (e.g., word/non-word decisions) and number processing (e.g., odd/even judgments). Interestingly, this network appeared to be augmented by a dorsal connection to the IPS running along the SLF, when number magnitude was decision relevant, as is the case in number magnitude comparison.

In summary, analyses of structural connectivity underlying numerical cognition indicate crucial involvement of both association fiber tracts running from anterior to posterior (e.g., SFL, EC/EmC system, ILF, and IFOF) as well as projection fiber tracts (e.g., SCR, thalamic radiation) and transcallosal commissural fibers connecting the bilateral intraparietal sulci. Comparable to the results of studies investigating functional/effective connectivity, the findings from structural connectivity analyses corroborate the proposition of a fronto-parietal network subserving numerical cognition. In particular, the SLF and the EC/EmC system constitute important fronto-parietal pathways connecting number-specific areas in the parietal cortices (e.g., IPS, AG) with number unspecific areas in (pre)frontal cortex (e.g., DLPFC, IFG), as proposed by the TCM.

White Matter Pathways in Numerical Cognition {#s2-3}
--------------------------------------------

There is considerable convergence with respect to the fronto-parietal WM pathways connecting domain-specific number-related parietal brain areas (IPS, AG) to more domain-general (pre)frontal areas. The SLF and the EC/EmC system were identified repeatedly to be associated with fronto-parietal processing in numerical cognition (e.g., Rykhlevskaia et al., [@B61]; Tsang et al., [@B69]; van Eimeren et al., [@B72]; Klein et al., [@B30],[@B31]; Matejko et al., [@B41]; Kucian et al., [@B34]; Navas-Sánchez et al., [@B47]; see Figure [2](#F2){ref-type="fig"} for a schematic illustration). Importantly, the association of fronto-parietal connectivity with numerical performance encompassing these systems is not only in line with the results of the functional connectivity analyses described above, but also corroborates the propositions of the TCM. Furthermore, involvement of projection fibers such as the (superior) corona radiata, possibly connecting motor cortices and subcortical structures such as the thalamus, were frequently observed to be involved in numerical cognition (van Eimeren et al., [@B73], [@B72]; Rykhlevskaia et al., [@B61]; Hu et al., [@B23]).

![**Schematic reconstruction of association (green, yellow), projection (blue) and commissural (red) fiber tracts repeatedly observed in numerical cognition tasks (in axial, sagittal and coronal orientation)**. The superior longitudinal fasciculus (SLF) is displayed in green, the inferior longitudinal fasciculus (ILF) and the external/extreme capsule (EC/EmC) system are depicted in yellow, parts of the internal capsule (IC) in dark blue, the superior coronar radiata (SCR) is shown in light blue, and interhemispheric parietal to parietal connections encompassing the callosal isthmus (CI) are shown in red. Virtual dissections were performed for one individual with seed regions chosen deliberately for illustration purposes only, regarding white matter (WM) pathways involved in numerical cognition.](fnhum-09-00227-g0002){#F2}

The importance of the SCR is hard to reconcile with the results of functional connectivity analyses, which usually did not consider cortico-subcortical connections or subcortical structures. Nevertheless, the involvement of these projection fibers is in line with propositions of earlier versions of the TCM by Dehaene and Cohen ([@B16], [@B83]), which have not been pursued systematically so far---possibly due to the cortex-centerd focus of recent (fMRI) research on numerical cognition.

With respect to the involvement of the SCR it is interesting that fiber tracts, which have been found to be involved in number processing less consistently, seem to be closely related neuro-anatomically. In particular, the cortico-spinal tract (Matejko et al., [@B41]; investigated in some cases at the level of the internal capsule (Hu et al., [@B23]; Navas-Sánchez et al., [@B47]) and the right thalamic radiation (Rykhlevskaia et al., [@B61]; Hu et al., [@B23]) are often aggregated to constitute the SCR. Neuro-anatomically the cortico-spinal tract, but also the superior peduncle of the thalamic radiation are part of the corona radiata---as is the SCR. Therefore, functional involvement of the SCR seems particularly reasonable from a theoretical point of view. The thalamic radiation directly connects the cortex with the ventrolateral thalamus, while the cortico-striatal tract connects the cortex indirectly with the ventrolateral thalamus via the striatum. Thus, these structures connect GM areas known to be involved in numerical cognition either directly or indirectly (via the basal ganglia) with the thalamus. Interestingly, early versions of the TCM (Dehaene and Cohen, [@B16], [@B83]) suggested a vital role of the basal ganglia and the thalamus in numerical cognition. On the other hand, assuming the involvement of the cortico-spinal tract or the IC to be associated with processing of numerical information is less evident, because for both structures connections to the parietal lobes are strongly associated with motor and somatosensory processes (e.g., Newton et al., [@B48]; Lotze et al., [@B39]; see Catani et al., [@B12] for an overview). However, all evidence for an involvement of these different parts of the corona radiata comes from studies specifying the involved WM in an atlas-based approach (either ROI analyses, e.g., Rykhlevskaia et al., [@B61]; Navas-Sánchez et al., [@B47] or TBSS, e.g., Hu et al., [@B23]; Matejko et al., [@B41]). We suggest that any strong interpretation of the functional involvement of the SCR, the thalamic radiation, the cortico-spinal tract, the cortico-striatal tract and even commissural fibers should be made with great care, because the atlas-based identification of WM tracts highly depends on where exactly the respective ROI is placed (see Figure [3](#F3){ref-type="fig"} for a schematic illustration). Generally, ROI analyses do not provide virtual reconstructions of the WM tracts connecting two GM areas associated with number processing. Therefore, the WM tracts identified by ROI analyses reflect all tracts passing through the respective ROI, instead of considering only those tracts connecting the WM areas of interest as in fiber tractography. For the present WM tracts (i.e., SCR, cortico-spinal tract/IC, thalamic radiation, cortico-striatal tract, and commissural fibers) a respective ROI may incorporate fibers of more than one tract, and small variation in the location of the ROI may easily change the involved fiber tracts. It is even easily possible to capture *all* of the latter tracts in one atlas-based ROI. Importantly, this variability of results can be reduced by employing methods of fiber tractography, which makes them highly desirable for more studies evaluating brain connectivity in numerical cognition. While studies on functional and atlas-based structural connectivity paved the ground for a more general understanding of the interaction of WM with GM in numerical cognition, the actual connectivity within the fronto-parietal network of numerical cognition seems to be captured better using tractography-based analyses.

![**Schematic illustration of problems with the identification of projection fibers**. Fiber tracts identified by atlas-based ROI analyses depend strongly on where exactly along this bundle of tracts the respective ROI is placed. As most of the ROIs reviewed in this article placed their ROI somewhere between the basal ganglia and the cortex it is obvious that such a ROI might well involve fibers of the SCR, the cortico-spinal tract/IC, the thalamic radiation (light purple) or even commissural fibers (cortico-striatal tract not depicted for reasons of clarity).](fnhum-09-00227-g0003){#F3}

Generally, there seems to be notable agreement regarding the identified fronto-parietal WM tracts, but so far there is no coherent picture with respect to lateralization of the tracts involved. Some studies reported bilateral hemispheric connections associated with number processing (e.g., Rykhlevskaia et al., [@B61]; Hu et al., [@B23]; Klein et al., [@B31]), whereas others only found significant results for left hemispheric fiber tracts (e.g., van Eimeren et al., [@B73]; Tsang et al., [@B69]; Kucian et al., [@B34]; Matejko et al., [@B41]) or deliberately chose to focus on the left hemisphere, because the authors were specifically interested in verbal numerical representations supposed to be left-lateralized (e.g., Klein et al., [@B30], [@B31]; Willmes et al., [@B77]). As regards interhemispheric connections, only Cantlon et al. ([@B10]) directly compared inter-hemispheric (intra)parietal to (intra)parietal connections and found them to be reliable for the genu, isthmus and posterior splenium tracts of the corpus callosum. Additionally, WM tracts along the forceps major (e.g., Rykhlevskaia et al., [@B61]; Klein et al., [@B30]; Li et al., [@B37],[@B38]) were observed to be involved in numerical cognition connecting (intra)parietal areas.

Finally, other WM pathways have been found to be involved in number processing less consistently. In particular, involvement of the IFOF (e.g., Rykhlevskaia et al., [@B61]; Li et al., [@B37]), connecting frontal cortex sites with occipital sensory cortical areas was reported. Since all reported studies used visually presented stimuli this most probably reflects involvement of visual perceptual processes in numerical cognition. Additionally, the ILF was repeatedly found to be associated with numerical performance (e.g., van Eimeren et al., [@B73]; Rykhlevskaia et al., [@B61]; Li et al., [@B37]). As the ILF represents a parieto-temporal connection, it may be most likely involved in connecting left-hemispheric perisylvian language areas, as proposed to be associated with the verbal representation of numbers in the TCM.

Other Methodological Limitations and Implications {#s2-4}
-------------------------------------------------

Substantial convergence concerning the involvement of WM pathways in numerical cognition is notable, considering the variety of methodological approaches and tasks employed to investigate quite different populations. The different methods for investigating brain connectivity come with specific advantages and limitations. Functional connectivity analyses (e.g., Emerson and Cantlon, [@B19]) can only provide temporal correlations between activation in remote brain areas. Effective connectivity analyses (e.g., Krueger et al., [@B33]; Cho et al., [@B13]) additionally specify the direction in which one neuronal system exerts an influence over another. However, both attempts do not allow identification of WM tracts in a strict sense. As regards structural connectivity, ROI analyses of DTI data (e.g., van Eimeren et al., [@B73], [@B72]; Matejko et al., [@B41]) require *a priori* hypotheses about the WM tracts involved. Additionally, intra- and inter-individual variability in the delineation of ROIs limits their reproducibility and reliability, as discussed above regarding involvement of the SCR. On the other hand, the interpretation of results from probabilistic and deterministic tractography (e.g., Rykhlevskaia et al., [@B61]; Willmes et al., [@B77]) depends on placement and size of the seed regions as well as on algorithm settings (Aoki et al., [@B2]). Additionally, tractography is particularly complex for regions where fibers cross, kiss, or merge, possibly leading to artefactual reconstructions (Basser et al., [@B6]). Furthermore, numerical performance was not only assessed inside (e.g., Tsang et al., [@B69]; Cantlon et al., [@B10]) but also outside (e.g., Rykhlevskaia et al., [@B61]; Matejko et al., [@B41]) the scanner. Moreover, assessment procedures also ranged from standardized diagnostic test instruments (e.g., TEMA, WIAT) over specific subtests selected from those standardized tests (e.g., subtest numerical operations from the WIAT; e.g., Barnea-Goraly et al., [@B4]; Rosenberg-Lee et al., [@B59]; Emerson and Cantlon, [@B19]) to custom-made experimental reaction time tasks (e.g., Krueger et al., [@B33]; Park et al., [@B50]).

Finally, about half of the studies evaluated WM connectivity in children up to the age of 11 years (e.g., Emerson and Cantlon, [@B19]; Park et al., [@B49]), another three included adolescents between 11 and 18 years of age (e.g., Matejko et al., [@B41]; Navas-Sánchez et al., [@B47]), and only five studies investigated healthy adults (mostly students, e.g., Krueger et al., [@B33]; Park et al., [@B50]). Furthermore, there was one single-case stroke patient study (Klein et al., [@B30]).

This shows that a considerable number of studies on brain connectivity in numerical cognition has been conducted with children and adolescents. Therefore, it seems important to evaluate whether these data shed new light on the potential development of WM connectivity within the fronto-parietal network underlying numerical cognition. However, no specific systematic trend was evident for age. Fronto-parietal associations (e.g., SLF) as well as projecting tracts (e.g., SCR) were found to be involved in numerical cognition from the youngest ages studied. This finding may be expected, because the identified fiber tracts (e.g., ILF, SLF, SCR, etc.) are important neuro-anatomical structures, which develop independently from specific cognitive functions during childhood and adolescence (e.g., Barnea-Goraly et al., [@B5]; Huang et al., [@B24]; Asato et al., [@B3]; see Peters et al., [@B51] for a recent meta-analysis).

Against this background, future studies are needed to evaluate how far the functional coupling of particular cortex areas or WM pathways associated with numerical cognition are specific to number processing and/or calculation. The study of Willmes et al. ([@B77]) provides a first step in this direction. The authors investigated the WM connections associated with the general cognitive operation of *semantic classification* across the domains of language and number processing. They observed a common fronto-parietal connection encompassing the EC/EmC system for semantic classification, irrespective of content. This is in line with evidence suggesting that functional specificity of GM cortex areas (e.g., as suggested by Brodmann, [@B9]) is hard to reconcile with the differential involvement of cortical areas in a variety of tasks. For instance, Simon et al. ([@B90], [@B89]; see also Humphreys and Lambon Ralph, [@B25] for a recent fMRI meta-analysis over 8 cognitive domains including number processing) found that the IPS was activated not only in number processing but also (partly overlapping) for the initiation of saccades, attention shifting, grasping, pointing, and language processing. This corroborates the notion of systemic localization, as suggested early on by Reinvang ([@B55]). In this view, domain specificity may not be a question of localization (which cortex areas?) or connectivity (which fiber tracts?). Instead, it is important to concomitantly consider which cortex areas are connected to which other areas by which fiber tracts. The particular combination of cortex areas connected by specific fiber tracts may then be an indicator of domain-specificity.

Moreover, the question of how numerical learning and development manifest in WM connectivity is of particular interest. There is evidence for qualitative changes in GM activation patterns following numerical learning (e.g., Delazer et al., [@B18]; Kaufmann et al., [@B28]). There are now indications that learning may change WM connectivity parameters (Sagi et al., [@B62]; see Menon, [@B43] for implications on cognitive development). For numerical cognition, Supekar et al. ([@B67]) were able to show that numerical learning is specifically predicted by the connectivity of the hippocampus with prefrontal cortex sites (see Figure [1](#F1){ref-type="fig"}, see also Cho et al., [@B13]). Additionally, Qin et al. ([@B53]) found longitudinal gains for fact retrieval fluency in 7--9-year-old children in mental addition, which were predicted by effective connectivity of the hippocampus with prefrontal and parietal cortices. Thus, numerical development as characterized by increasing use of retrieval-based solution strategies seems to be associated specifically with changes in hippocampal-neocortical connectivity. In the future, it might also be interesting to study the development of the different networks underlying arithmetic fact retrieval and number magnitude processing as identified by Klein et al. ([@B30]).

In addition to variation by age, there are five studies investigating brain connectivity in special populations: children with DD (Rykhlevskaia et al., [@B61]; Kucian et al., [@B34]; Rosenberg-Lee et al., [@B58]), individuals with velocardiofacial syndrome (Barnea-Goraly et al., [@B4]), and math-gifted children (Navas-Sánchez et al., [@B47]). Molko et al. ([@B87]) also provide first evidence regarding structural alterations in fiber orientation in children with Turner syndrome, who often present with numerical deficits.

Synthesis and Perspectives {#s3}
==========================

Considering the variety of methodological approaches, types of assessment instruments, and populations investigated, the convergence of evidence regarding brain connectivity in numerical cognition is remarkable. Analyses of both functional/effective as well as structural connectivity consistently corroborate the propositions of the TCM: Numerical cognition seems to be subserved by a widespread network including (intra)parietal (e.g., IPS, SPL, SMG, AG) but also (pre)frontal cortex sites (e.g., DLPFC, VMPFC, preCG, SMA, IFG), as well as the hippocampus. Studies on functional/effective connectivity indicate a specific role of the hippocampus in numerical development. In children, hippocampal-prefrontal as well as hippocampal-parietal connectivity were found to be associated with the acquisition of retrieval-based solution strategies, while in adults hippocampal-parietal connectivity was associated with the retrieval of arithmetic facts. On the other hand, analyses of structural connectivity provide converging evidence for functional involvement of association fibers from the SLF dorsally as well as the EC/EmC system ventrally as the primary fronto-parietal connections in the numerical cognition network. Synced with commissural fibers such as inter-hemispheric IPS to IPS connections running transcallosally along the callosal isthmus and the forceps major, all these results further corroborate the proposition of the TCM of numerical cognition being subserved by fronto-parietal neural networks.

The specifications in this review of the WM pathways involved in numerical cognition also extend the TCM with respect to how GM areas associated with specific number-related representations (e.g., IPS: number magnitude vs. AG: arithmetic facts) may work together. The involvement of projection fibers such as the SCR (in particular the part of the thalamic radiation and the cortico-striatal tract) may revive the importance of the basal ganglia as well as the thalamus, which were already incorporated in early versions of the TCM by Dehaene and Cohen ([@B16], [@B83]). As a consequence, it is now possible to evaluate the idea that numerical impairments arise from WM disconnections between specific cortical areas in an individual brain (Kucian et al., [@B34] for developmental DD; Klein et al., [@B30] for acquired acalculia). This is in line with considerations for deficits in other domains (e.g., Schlaug et al., [@B64] for aphasia and Rusconi et al., [@B60] for a disconnection account of the Gerstmann syndrome).

These new insights into the WM correlates of numerical cognition also come with methodological as well as theoretical implications for future studies on brain hodology underlying numerical cognition. On the methodological side it would be interesting to combine different approaches to obtain a more comprehensive picture of the neural WM and GM correlates of numerical cognition. For instance, functional and structural connectivity analyses may be complemented by fMRI and voxel-based morphometry (see Rykhlevskaia et al., [@B61], for a first attempt). Additionally, the ultrahigh-resolution 3D-model of the human brain ("BigBrain") provides unprecedented information on the interconnection of cortical regions (Amunts et al., [@B1]). Taken together, considering brain connectivity not only seems inevitably mandatory in order to understand human numerical cognition but it also opens up new avenues for future research.
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